AB ST R ACT : There is interest in exploiting and developing natural resources, particularly deposits of natural clays. Senegal has several clay mineral deposits for which chemical and mineralogical compositions have been little studied. Some of these natural materials are nowadays used in pottery and ceramics. To extend applications, a better basic knowledge is required and, for this objective, the raw clay and separated <2 mm clay fraction from Keur Saër (Senegal) were subjected to chemical and mineralogical studies. Several techniques including X-ray diffraction (XRD), thermal analysis (TG-DTA), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), N 2 adsorption-desorption isotherms, cation exchange capacity (CEC) measurements and solid state nuclear magnetic resonance (NMR) have been used to characterize the material. It was found that the raw clay and the separated clay fraction consist of a mineral mixture in which kaolinite is the main component.
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29 Si and 27 Al MAS-NMR spectra show the presence of silicon atoms linked to three other silicon atoms via an oxygen atom and six coordinated Al atoms. Significant increases in the specific surface area and cation exchange capacity were observed on purification, reaching a maximum of about 73.2 m 2 g À1 and 9.5 meq/100 g for the separated fine clay fraction while the values for the raw material were around 28.9 m 2 g À1 and 7.3 meq/100 g.
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Clays are used as raw materials in many application fields such as bulk ceramics (Moussi et al., 2011; Wyszomirski & Galos, 2009; Pialy et al., 2008) , clarification of various effluents (Ribeiro et al., 2008; Bouna et al., 2010) , catalysis (Marcos & Rosa, 1995; Zheng et al., 2010) , photocatalysis (Bouna et al., 2011) and therapeutics (Rebelo et al., 2010) . These applications are strongly dependent on the clay's structure, chemical composition and physical properties (Grim, 1960) . The knowledge of these characteristics should allow better use and possibly may open new application techniques. This provides the reason for a basic research program we are working on that deals with the mineralogical and physicochemical characterization of natural clays of different origins (Rhouta et al., 2008; Bouna et al., 2011) . Kaolin is used in agriculture for the protection of crops as a carrier and diluent in fertilizers, pesticides and related products. The natural clay studied here is locally and traditionally used in the manufacture of pottery and clay vessels. In most parts of African rural areas, clay vessels are mainly used for household water treatment and safe storage. Other new domestic applications such as cooking stoves have appeared; other applications have arisen in response to problems such as deforestation, erosion, energy waste and health associated with the tree stone wood fires, traditionally used for cooking in rural areas. Clay is also one of the most common building materials. However, in rural areas worldwide and especially in Senegal, it is replaced by cement, which is more expensive, even if clay deposits are abundant, because of the rapid deterioration of clay buildings. The same degradation problem has also been noticed in the pottery and vessels made with clay. A consequence of this is a progressive disappearance of clay brick factories in Senegal. On the other hand, clay-made edifices hundreds of years old still exist in Africa and in the wider world, e.g. the mosque in Toumbouctou (Mali) or in the city of Bam (Iran). A knowledge of clay mineral properties is fundamental for sustainable construction and development in Senegal and more generally in emerging countries.
The aim of this work is to characterize the raw clay from Keur Saër (central Senegal) and its fine separate fraction in order to enhance and extend its applications, which are limited at the present time to the fabrication of traditional products, such as earthen pots, rustic utensils and ornamental objects. It should be noted that only a few data are reported in the literature devoted to the mineralogical and physicochemical characterization of these clay materials. The raw sample and its separated clay fraction were studied by several techniques to obtain accurate information on their chemical composition, structure and basic physical properties such as adsorption-desorption behaviour and cation exchange capacity. This should help determine the best uses that can be made of the material. Beside kaolinite, the samples contain iron oxides and hydroxides and other less representative oxides. An attempt was made to reduce the percentage of iron in the samples and the results for the purified material are also reported.
The first studies dealing with the geology of Senegal began in 1898 (Meunier, 1898 (Meunier, , 1904 . Later, the work of several other researchers (Roques & Nickles, 1946; Tessier, 1946 Tessier, , 1949 elucidated the geological history of the Gulf of Senegal. The Senegalo-Mauritanian Basin, which covers almost all the Senegalese territory, lies on the West African Craton and is 1300 km long (Fig. 1) . It occupies the central part of the Northwest African Coastal Basin, and extends from the Reguibat ridge (Mauritania) to the north end of the Guinean fault. It is a typical passive margin, opening westward to the Atlantic Ocean, and whose eastern limit is represented by the Pan African-Mauritanides orogenic chains. The southern margin of the basin partially covers the Palaeozoic Bove basin (Ritz & Bellion, 1988 (Fig. 1b) in the central part of Senegal, and this geological formation corresponds to the middle Eocene (Fig. 1a) . The clay samples were collected from deposits exploited by traditional potters and brick makers, the locality being very rich in clay minerals (Fig. 1c) ; however, no scientific characterization has been undertaken to ascertain if these clay materials are best suited for this purpose and, according to their characteristics, if other applications could be developed.
E X P E R I M E N T A L

Clay purification
The raw clay samples (namely argB) were saturated with sodium by slowly mixing and stirring 30 g of raw clay powder with 200 ml of NaCl aqueous solution (1 M). Thereafter, the supernatant was discarded after the mixture settled and the NaCl solution was renewed. The operation was repeated three times to ensure a complete ion exchange between the sodium of the NaCl solution and ions of the clay in order to render the clay homoionic. The Na + -saturated clay was then washed several times with distilled water to remove the NaCl salt excess, as evidenced by the AgNO 3 test, and to enhance the stability of the clay dispersion. After Na + homoionization, the fine clay fraction (<2 mm) was extracted using standard sedimentation procedures (Holtzapfell, 1985) and dried at 80ºC: this sample is labelled argF1. The fine fraction homoionized with Na + was further treated with oxalic acid solution (20% in water) at 60ºC for 6 h to reduce selectively associated free iron phases: this sample is named argF2.
Characterization
The identification of the crystalline phases was carried out by X-ray diffraction (XRD), using a Bruker D8 Advance diffractomer using Ni-filtered Cu-Ka radiation (1.5418 Å ) in Bragg-Bretano geometry. A LEO435VP scanning electron microscopy (SEM) equipped with an X-ray energy dispersion spectrometer (EDS) was used to characterize clay particle morphology and to perform local elemental analysis. The specific surface area of the samples, the specific pore volume and the average pore diameter were measured by using a Micromeritics ASAP 2010 V5.02 H system. The surface areas were obtained by using the BrunauerEmmet-Teller (BET) equation. The BET analysis (Brunauer et al., 1938) was carried out using nitrogen adsorption-desorption isotherms at 77 K. The samples were outgassed prior to measurement (Brigand, 1960) ; (b) the region of Diourbel (where Keur Saër area is located); and (c) the stratigraphical and lithostigraphical log of the region of Diourbel (Barrusseau et al., 2009 ).
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by heat treatment at 300ºC for two hours. Pore size distributions were derived from desorption isotherms using the Barret-Joyner-Halenda (BJH) method. The cationic exchange capacity (CEC) of the samples was determined using the cobalt hexammonium complex method (Mantin & Glaeser, 1960 
R E S U L T S A N D D I S C U S S I O N
Structural analysis
Microstructural characterization. The SEM images and EDS analyses of the raw clay (argB) and the treated separated fine fraction (argF2) are shown in Figs 2 and 3 respectively. The SEM images of the raw samples reveal large aggregates (typically several tens of micrometres wide) consisting of pseudo-hexagonal micrometre-sized platelets partially coated with sub-micrometric particles (Fig. 2a) . This microstructure, consisting of randomly oriented platelets, resembles that of kaolinite. As a representative analysis, the EDS spectrum of the same area shows the presence of Si and Al as the main cations and Ti, Fe, Ca and Mg as minor elements (Fig. 3a) . The intense Si peak could be ascribed to both clay minerals and possibly free silica. Titanium probably corresponds to titania impurity while Ca and Mg are due probably to carbonates such as dolomite and/or calcite.
The particles of the separated fine fraction (argF2) are still in the form of platelets but appear more irregular in comparison to the raw clay as a result of the purification. The platelets are still present and also agglomerate to form micro-FIG. 2. SEM micrographs of the raw clay sample argB (a) and the oxalic acid treated Na + -homoionized fine fraction argF2 (b). metric grains but they are clearly less contaminated by small sub-micrometric particles (Fig. 2b) . Furthermore they are partially exfoliated. The EDS analysis of the area corresponding to the SEM image in Fig. 2b reveals that the elements mentioned above still exist in the purified clay fraction (Fig. 3b) but with a relatively lower content indicated by a decrease in the EDS intensity ratio M/Si (M = Al, Ti, Ca, Mg). This indicates they were not completely removed by purification.
Identification of crystalline phases. The XRD patterns were recorded at each step of the sample preparation. The results are presented in Fig. 4a for the raw clay sample (argB) and the oxalic acid treated Na + -saturated fine fraction (argF2) as well as after further treatment following saturation with ethylene glycol (argF2-g) and annealing at 490ºC in air (argF2-490ºC). The treatment with ethylene glycol and the annealing in air were performed in order to clearly identify the 7Å phase. In the raw clay sample very intense reflections due to quartz (Q), which appears to be the most abundant diluting mineral, were observed at 2y = 20.8º (4.2 Å ), 26.6º (3.3 Å ), 36.5º (2.4 Å ), 39.7º (2.2 Å ), 40.0º (2.2 Å ), 42.5º (2.1 Å ), 46.0º (1.9 Å ), 50.1º (1.8 Å ), 54.8º (1.6 Å ) and 55.3º (1.5 Å ). The reflections observed at 2y around 12.4º (7.3 Å ), 24.9º (3.5 Å ) and 38.7º (2.3 Å ) indicate the presence of a second phase, named the 7 Å phase at this stage of the study. The basal reflection of kaolinite in Na + -saturated clay fraction diffractograms was intensified while the peak position remained unchanged following the specific treatments (Fig. 4a) . Indeed, the ethylene glycol treatment (argF2-g) did not lead to significant changes in the clay fraction diffractogram. The XRD pattern of the fine fraction sample heated at 490ºC in air (argF2-490ºC) indicates the disappearance of the peaks at 12.4º (7.3 Å ), 24.9º (3.5 Å ) and 35º (2.5 Å ), confirming that the 7 Å phase corresponds to kaolinite (Holtzapfell, 1985) . After homoionization with Na + and extraction of the <2 mm clay fraction the XRD pattern shows that peak intensities of quartz significantly decrease while the reflections corresponding to clay minerals appear more intense. This indicates a reduction of the amount of quartz in the purified sample but the purification procedure was not sufficiently efficient to remove it completely. Nevertheless, the presence of minor 2:1 phases or other impurities cannot be definitely ruled out, even if the XRD pattern of an oriented preparation (Fig. 4b) did not show their presence. It has been reported that small amounts of
FIG. 3. EDS analysis of the raw clay argB (a) and the purified argF2 sample (b). The silver detected at 3 keV
originates from the conductive adhesive used to fix the powder on the sample holder.
Characterization of clay from Keur Saër, Senegal expandable 2:1 layers (<5%) may escape detection by XRD analysis if they are interstratified with kaolinite as the principal mineral (Lim et al., 1980) . The presence of these impurities is therefore revealed by chemical properties (see Tables 1 and  2 ). Furthermore, any peak related to either titania or carbonate impurities is likely to be due to poor crystallinity or to their presence in small amounts, lower than the detection threshold of XRD analysis (<5 %). This is in good agreement with the EDS analysis.
Elemental analysis
The chemical composition of the raw clay (argB), the Na + -homoionized fine clay fraction (argF1) and the oxalic acid treated clay fraction (argF2) are reported in Table 1 . The results reveal that the raw FIG. 4. XRD patterns of (a) randomly oriented preparations including the raw clay (argB) and the treated samples (argF2, argF2-g, argF2-490ºC) and (b) an oriented preparation of the oxalic acid treated sample argF2.
clay is essentially constituted of Si and Al oxides. The amount of iron oxide is also noticeable while the contents of alkaline and alkaline-earth oxides are low. The significant iron oxide content explains the light rusty colour of the three clay samples. The fine clay fraction (argF1) shows compositions differing from that of the raw clay. The SiO 2 content drastically decreases in the Na + -clay separated fraction, probably due to the removal of quartz, in good agreement with the XRD results (Fig. 4) . The increase in Na 2 O content accompanied by the presence of CaO traces indicates that interlayer cations were not completely exchanged with Na + . The noticeable increase of Al 2 O 3 and Fe 2 O 3 contents in argF1 compared with the argB sample indicates that the clay minerals are more concentrated in the separated clay fraction. The percentage of Fe 2 O 3 reduces when the fine clay fraction (argF1) is treated with oxalic acid (argF2); this is as expected since the acid treatment was applied to selectively remove free iron phases. However the percentage of Al 2 O 3 is still low in comparison with pure kaolinite. The same phenomenon was observed in kaolinite samples from Turkey and Georgia (southeastern USA) and was ascribed, respectively, to a low kaolinization process (Sayin, 2007) and to the presence of non detectible 2:1 mineral phases in the kaolinite (Lim et al., 1980) . The former explanation appeared to be more appropriate to our observations. The low Al 2 O 3 content can also be linked to the silicification of the kaolinite body and isomorphous substitution of Al in the kaolinite by Fe.
Adsorption properties and exchange capacity
The adsorption-desorption isotherms of nitrogen do not show significant differences between the raw clay and its separated fine fraction. The typical curves obtained for the raw clay sample (argB) and the oxalic acid treated Na + -separated clay (argF2) are given in Fig. 5 . The observed isotherms for both samples belong to type IV (especially visible on the desorption branch). However, the rapid increase of the adsorbed quantities close to the origin can be attributed to the presence of micropores. Consequently it is concluded that the isotherms are mixed and belong simultaneously to types IV and I according to the IUPAC classification (Sing et al., 1985) . The hysteresis loop shown in Fig. 5 is typical of a mesoporous structure with a contribution from micropores. It is of type H3, corresponding to wide capillaries having narrow openings and/or the presence of interstices between the parallel plates.
The pore sizes distribution curves given in Fig. 6 indicate a relatively narrow pore size distribution with an average value of 6.4 nm for argF1 and 5.0 nm for argB. The BET equation was applied for the relative pressure range 0.02 < p/p o < 0.33. The adsorption data are summarized in Table 2 . The specific surface areas of the raw clay sample and the Na-separated clay fraction are 28.9 and 73.2 m 2 g À1 respectively. According to Lim et al. (1980) , these high specific surface area values compared with those of pure kaolinite determined by the BET method, ranging from 10 to 15 m 2 g À1 (Jackson, 1975) in kaolins, significantly increase the net surface area. The specific pore volumes are 0.03 cm 3 g
À1
(argB) and 0.11 cm 3 g À1 (argF1). The CEC values of the raw sample (argB) and the separated fine fraction (argF1) are 7.3 meq g À1 and 9.5 meq g À1 (argF1) respectively. These values are low as usually observed for kaolinite (Holtzapffel, 1985; Ma & Eggleton, 1999) .
Infrared and NMR spectroscopies
The IR spectra of the samples are reported in Fig. 7 . The OH stretching vibration modes of the structural hydroxyl groups occur at 3693, 3665, 3650 and 3620 cm À1 . The 3665 cm À1 band is absent in the IR spectrum of ArgF2. It is known FIG. 5 . N 2 adsorption-desorption isotherms recorded for the raw clay sample (argB) and the Na-separated clay (argF1).
FIG. 6. BJH pore size distribution curve of the raw clay sample (argB) and the Na-separate clay (argF1).
that kaolinite has a characteristic signature consisting of four bands in the 3700-3600 cm À1 region, one band for internal hydroxyl and three bands for inner-surface hydroxyls. Also, the innersurface hydroxyl stretching bands are known to be influenced by interlayer modifications (Tamer & Christian, 2008; Petit & Decarreau, 1990; Farmer, 1974) . The band at 3620 cm À1 is attributed to the stretching frequency of the internal (inner) hydroxyl groups of the kaolinite while the two bands at 3693 and 3665 cm À1 are due to in-phase and out-ofphase combination bands. The assignment of the band at 3650 cm À1 is still controversial (Petit et al., 1995) . The broad bands around 3440 and 1630 cm À1 are due to the stretching and bending vibration of adsorbed water, respectively.
In the spectra of the three samples, the shoulder at 872 cm À1 is due to gAlFe 3+ OH. This peak appears in synthetic kaolinite with another one located at~3600 cm À1 attributed to dAlFe 3+ OH (Petit & Decarreau, 1990) . The former peak is visible in argF1 that is an iron-rich sample. These two peaks are not visible for natural kaolinite most of the time according to Petit & Decarreau (1990) .
The intense bands around 1033 cm À1 with two shoulders around 1082 and 1006 cm À1 in the IR spectra of the three samples correspond to the stretching vibrations of the Si-O-Si group and those at 694 and 469 cm À1 are due the bending mode of the same group. The band at 907 cm À1 , with a shoulder at 938 cm
À1
, and the one at 540 cm À1 are related to AlÀOH and Al(VI)ÀOÀSi bending vibrations, respectively (Petit & Decarreau, 1990; Wilson, 1994; Van der Marel & Beutelspacher, 1976; Saikia et al., 2003) . The presence of quartz in the three samples is confirmed by the bands at 800 and 775 cm À1 (Vizcayno et al., 2010) . The intensity of these two peaks decreases considerably in the ir spectra of purified samples (argF1 and argF2) in comparison with the raw sample (argB). After purification, the increase in intensity of the bands at 907 and 540 cm À1 and the decrease of those due to quartz at 800 and 775 cm À1 indicate a fine fraction richer in clays than the raw sample, which is in good agreement with the XRD results (Fig. 4) and chemical analysis (Table 1) . 29 Si and 27 Al MAS-NMR spectra of the treated Na + -separated fine fraction (argF2) are shown in Fig. 8 . The 29 Si MAS-NMR spectrum exhibits two main lines at -91.3 and -107.3 ppm. The intense singlet at -91.3 ppm with a full width at half maximum of about 5 ppm is attributed to a silicon atom linked to three other silicons via an oxygen atom (Q 3 environment) and can be attributed to the presence of kaolinite, in line with previous reports (Rocha & Klinowski, 1990; Sanz & Sarrataso, 1984; Plee et al., 1985; Engelhardt & Michel, 1987) . The second chemical shift value found at À107.3 ppm can be attributed to the presence of quartz (silicon in a Q 4 environment) (Janes & Oldfield, 1985) .
The 27 Al MAS-NMR spectrum shows an intense peak at 4.4 ppm, corresponding to six coordinated Al atoms. The other relatively symmetrical peaks are attributed to spinning side bands. From the NMR data and following previous work, it can be stipulated that there is a reaction between the iron oxides and the kaolinite as the peak due to 27 Al shifted to the positive side compared to d( 27 Al) in pure kaolinite (Wei et al., 2012) . Isomorphous substitution of Fe by Al is very common when iron oxides and kaolinite are mixed. FIG. 7 . Infrared spectra of the raw sample argB and the purified samples argF1 and argF2.
Characterization of clay from Keur Saër, Senegal Thermal analysis TG-DTA thermograms of the raw sample (argB) and the treated Na-saturated separate fraction (argF2) are illustrated in Fig. 9 . In both cases, a clear endothermic effect is observed between 100 and 200ºC associated with a weight loss of~1.7 % for the raw clay (argB) and 4.8% for the treated Naclay fraction (argF2). The two endothermic peaks in sample argB located at~73ºC and 132ºC are due to the dehydration process. The peak at 132ºC probably corresponds to the dehydration of divalent ions (Caillère et al., 1982) . The same phenomenon is observed for argF2 at 92ºC and 146ºC. The presence of the two endothermic peaks at low temperature due to dehydration is consistent with the heterogeneous occupancy of interlayer spaces with various compensating cations (Caillère et al., 1982) ; it confirms the result of chemical analysis which showed incomplete saturation of the fine clay mineral fraction by Na + . The dehydroxylation of kaolinite occurs at 470ºC for the raw clay and 488ºC for the Na-clay fraction; the corresponding weight loss is~1.0 % and 6.6 %, respectively. At these temperatures, a disordered phase called metakaolinite with a typical chemical formula Al 2 Si 2 O 7 (Vizcayno et al., 2010) is formed. The additional endothermic peak at 573ºC observed only in the raw clay is due to the transformation of aquartz into b-quartz. The exothermic peaks observed at 904 and 915ºC for argB and argF2, respectively, correspond to the structural reorganization of metakaolinite into mullite. The transformation of mullite into secondary mullite occurs at 1134ºC for argB and at 1150ºC for argF2. 
C O N C L U S I O N S
Several techniques were used to characterize the raw clay from Keur Saër (Senegal) and its separated fine fraction. The results show that the raw clay is essentially composed of quartz and kaolinite. The fine clay fraction was isolated and its principal composition is predominantly kaolinite with a small amount of quartz. Due to the total or partial removal of diluting minerals (essentially quartz) on purification, the specific surface area was increased by a factor two for the separated fine fraction (73.2 m 2 g À1 ) compared with the raw clay sample (28.9 m 2 g À1 ). Subsequently the cationic exchange capacity was also significantly higher, i.e. 9.5 meq g À1 and 7.3 meq g À1 , respectively. The N 2 adsorption-desorption isotherms of the raw and purified samples belong principally to the type IV with a hysteresis loop of type H3; the contribution of micropores is also noteworthy. The fact that the fine clay fraction in this geographical area is mainly kaolinite confirms that its best use is principally as bricks for building and ceramics for household purposes.
